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With the depleting petroleum reservation and the rapid growth of energy demand, 
people are eager for new renewable and environmentally friendly energy resource [1]. 
The biotransformation of biomass is one of the most efficient methods for an alternative 
resource[2].  
 
The two main biomass resources include starch and lignocellulose. Starch has been 
used as a raw material for fermentation, for food and for many other uses, but the most 
common biomass on earth is lignocellulose [3,4]. As it is the most abundant organic 
form of biomass, finding a low-cost way to convert natural lignocellulose into raw 
materials for industrial use is important [5,6]. 
 
Glucose and xylose extracted from nature lignocellulose can be used to produce other 
products as a kind of raw materials by using microorganisms [7]. Although 
lignocellulose can also be a raw material for glucose, it is much more difficult, for its 
constitution is more complex: it’s constituted by cellulose, hemicellulose, and lignin, 
which are wrapped to form a three-dimensional network spatial structure [2]. Because 
of this, finding a way to degrade cellulose and hemicellulose into glucose and xylose is 
necessary. Pretreatment and enzymatic hydrolysis are the most common methods for 
lignocellulose degradation [8]. Currently, different pretreatment technologies have been 
used to separate cellulose, hemicellulose, and lignin from natural lignocellulose [9], 
and then convert them into valuable chemicals. Hot water extraction is one of the most 
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common pretreatment methods because of the simple facility it offers and its reduced 
pollution. It can remove most of the hemicellulose while leaving cellulose and lignin 
[10]. 
 
There’s no doubt that natural lignocellulose would play an important part in the 
substitution of chemical and fermentation industries in the future. The widespread 
application of natural lignocellulose would be an evolution of the traditional industries 
[11]. Compared to acid hydrolysis, enzymatic hydrolysis has a great number of benefits, 
such as mild conditions, high specificity, few secondary products, more sugar 
production, and lower cost of equipment. It has no stringent requirement regarding 
corrosion-resistant materials [12]. Enzymatic hydrolysis is environmentally friendly 
and the required equipment could be easily set up near where the raw materials are [13]. 
As a result of these many positives, research has been focusing on it as a possibility 
lately [14]. However, one of the major limitations of lignocellulose application is the 
low activity of the enzymes used for degrading natural lignocellulose, which increases 
the cost of enzymes [2]. 
 
Currently, according to studies on lignocellulose hydrolysis, cellulase and 
hemicellulase are the most common biocatalysts. Both cellulase and hemicellulase are 
composed of a variety of enzymes and these two enzymes could degrade lignocellulose 
into glucose and xylose together with higher efficiency because of their synergistic 
effects on each other [15]. 
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1.2 Objectives of the Study 
In this study, Paulownia elongata hot-water wood extract was utilized as both a 
feedstock substrate and as an inducer for cellulase and hemicellulase production by 
Microbulbifer hydrolyticus. The effect of temperature, flow rate and feeding time were 
investigated in this study for optimum reaction conditions for the synthesis of cellulase 
and hemicellulase. 
 
1.3 Dissertation Outline 
Chapter 1: Introduction 
A brief introduction and an overview of the present background of natural 
lignocellulose and pretreatment methods focusing on enzymatic hydrolysis, which 
gives a general idea of this study 
Chapter 2: Literature Review 
This chapter introduces an overview of previous studies regarding cellulose, 
hemicellulose, cellulase, and hemicellulase. It also gives a brief introduction of 
Microbulbifer hydrolyticus and the feedstock using in this study: hot-water wood 
extract. 
Chapter 3: Materials and Methods 
In this chapter, the experimental methods are presented, including the methods and 
equipment used for wood extract preparation, seed culture, batch, and fed-batch 
fermentation, and protein and enzyme activity assay. 
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Chapter 4: Results and Discussion 
This chapter gives the effect of temperature, substrate feeding flow rate and feeding 
time on the cell growth of Microbulbifer hydrolyticus and enzyme synthesis. Produced 
enzyme activity is also measured with different pH levels and temperatures. 
Chapter 5: Conclusion and Future Work 
This chapter presents a summary of the results of the experiments, comparison to other 









































Billion tons of cellulose produced by nature every year makes it one of the most 
abundant, economic and renewable resources on Earth [16]. It accounts for about 40-
45% of the dry substance in woody biomass [1]. 
 
 
Figure 2.1 Molecular chain structure of cellulose (with permission: adapted from Chen, 2014) 
[17]. 
 
Cellulose is the main component of plant cells. It is a polymer of linear glucose units 
linked by β-1,4 glucosidic bands (Figure 2.1) and its structure is formed by both 
crystalline and noncrystalline phases which interweave with each other, as shown by 
supramolecular studies. According to the X-ray diffraction test, the noncrystalline phase 
is presumed to be an amorphous state because there are lots of disordered hydroxyl 
groups on glucose. For the crystalline phase, a huge network consists of hydrogen bonds 
formed by the huge amounts of hydroxyl groups constructing the compact structure 
[18]. Mostly, cellulose is surrounded by hemicellulose and lignin. It has played an 
important part in industries such as pulp and paper, textile, and fibrous chemicals and 
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can be expected to be one of the most important sources of renewable bioenergy in the 
future [19]. 
 
2.1.1.1 Chemical structure of cellulose 
Cellulose is a linear homopolymer composed of D-glucopyranose units linked by β-
1,4-glycosidic bonds. It is mostly composed of carbon (44.44%), hydrogen (6.17%), 
and oxygen (49.39%). The chemical formula of cellulose is (C6H10O5)n; n (the degree 
of polymerization, called DP) is the number of glucose groups and the area is from 
hundreds to even tens of thousands [2]. Cellulose has been discovered in the last century 
that consists of simple dehydrated repeating units called “cellobiose” [20]. 
 
2.1.1.2Physical structure of cellulose 
The physical structure of cellulose exhibits both a chain structure, which also called 
primary structure, and an aggregation structure. The primary structure shows the 
sequence of atoms or groups in the chain. The first-level structure is the chemical 
structure of a single-molecule polymer, including one or several structural units, while 
the second-level structure shows the size of the single-molecule polymer. The 
secondary structure, which is also called the aggregation structure, shows the internal 
structure of the entire polymer containing a crystal structure, noncrystal structure, liquid 
crystal structure, and an orientational structure. The third-level structure shows how 
molecules formed with each other in an aggregate. The chain structure results in the 
characteristics of the polymer, including density, melting point, solubility, viscosity and 
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so on while the aggregation structure results in the service performance of high 
molecular compound [17, 21, 22]. 
 
To produce sugars or biofuels from cellulose, the degradation reaction, such as acid 
degradation, alkaline degradation, and microbial degradation is necessary [24]. Mostly, 
the reaction is breaking the glycosidic bonds between two adjoining glucose molecules 
[25, 26].  
 
2.1.2 Hemicellulose 
Hemicellulose is another main ingredient in natural lignocellulose [27]. In 1978, 
Whistler considered hemicellulose as a copolymer consisting of several saccharide 
molecules which could be extracted by alkali solutions, excluding cellulose and pectin 
[2]. It is heterogeneous and contains different sugars (xylans, mannans, and galactans) 
and sugar acids [28]. The most common view for its mainly physiological function is 
that hemicellulose helps building the cell wall structure and the regulation of the cell 
growth process [2]. 
 
2.1.2.1 Chemical structure of hemicellulose 
Hemicellulose in different plants has different structures, so studies are mainly focused 
on how xylans form the main chain and the branched chains of hemicellulose [29]. The 
composition of the main chain contains one or several types of glycosyls connected 
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differently to each other. The glycan compositions from varied production positions or 
natural materials are mostly different, so as a result, categorizing glycans which will be 
helpful for the study of the chemical structure of hemicellulose [30]. Nowadays, people 
believe that hemicellulose mainly consists of xylan, xyloglucan, glucomannan, 
galactomannan, mannan and callose [31, 32] 
 
2.1.2.2 Chemical structure of xylan hemicelluloses 
Xylan exists in nearly all plants. The main chain of Xylan is homopolymer linear 
molecules formed by linked D-Xylosyls. 1,4-β-D-xylopyranose is the backbone and 4-
oxymethyl-glucuronic acid composed the branch chains [33]. 
 
Xylan is the main component of hemicellulose in hardwoods and gramineous forbs [34]. 
In timber, the main chain is formed by linear xylans which are linked by β-1,4-




Lignin, which only exists in gymnosperms and angiosperms, is one of the most plentiful 
organic polymers except cellulose [37]. Lignin occupies 20-40% in wood and 15-20% 
in Gramineae and is a complex composed of varied substances with different 
inhomogeneities in different plants, production area and parts. Even in the same xylem 
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in different morphologies of the cell or different cell wall layers, the structure has been 
changed [38]. 
 
2.2 Hydrolytic Enzymes 
2.2.1 Cellulase 
2.2.1.1Multienzymatic system of cellulase 
The structure of cellulose is too complicated for a single kind of enzyme to hydrolyze 
it by itself. Based on a huge amount of research about cellulase separation and 
purification, hydrolysis by cellulase is a complex multienzyme process. Using substrate 
specificity as a guide, people have divided cellulase into the following components: 
exo-β-1,4-glucanase, endo-β-1,4-glucanase (EG), (EC 3.2.1.4), and β-1,4-glucosidase 
(BG, EC 3.2.1.21) [17,39]. 
 
2.2.1.1.1 Exo-β-1,4-glucanase 
β-1,4-glucan cellobiohydrolase (CBH) (EC 3.2.1.91) is the main enzyme of the exo-β-
1,4-glucanase. According to a large volume of research, Reese et al. presented a C1 
enzyme that is cellobiohydrolase because of its function [40]. The catalyzation process 
is hydrolyzing the β-1,4-glucoside bond at the chain end of the cellulose to produce 
cellobiose. There is another type of exoglucanase called β-1,4-glucan glucohydrolase 
(EXG) (EC 3.2.1.74) produced by some organisms in nature. It can catalyze the process 
by hydrolyzing the β-1,4-glucoside bond at the nonreducing end of cellulose to produce 
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glucose. There is a low efficiency while hydrolyzing natural cellulose by pure 
cellobiohydrolase. But with endoglucanase, there is a synergistic effect that makes the 
hydrolyzing of natural cellulose much more effective [17, 41]. Cellubiohydrolase has a 
high substrate specificity and its ability of degradation decreases with the shortening of 
the oligosaccharide chain [42]. 
 
2.2.1.1.2 Endo-β-1,4-glucanase 
Endo-β-1,4-glucanase (EG), (EC 3.2.1.4), is a 1,4-β-D-glucan-4-glucan hydrolase. 
Generally, the content of it in the proteins of cellulase is 20-30%. Endo-β-1,4-glucanase 
can irregularly hydrolyze β-1,4-glycosidic bonds in amorphous cellulose, crystalline 
regions of phosphate-expanded cellulose and in carboxymethyl cellulose. The products 
include glucose, cellobiose, cellotriose and fiber dextrin with different dimensions [17]. 
And this hydrolysis process provide more ends for the cellobiohydrolase enzymes to 
hydrolyze. It is also called the Cx enzyme because of its complex components and the 
different components from varied organisms. Carboxymethyl cellulose is generally 
used to examine its vitality, so it is also known as the carboxymethyl cellulose enzyme. 
Endo-β-1,4-glucanase could hydrolyze water-soluble cellulose due to its weak 
specificity. The substituents have little influence on its enzyme activity [43]. 
 
2.2.1.1.3 β-1,4-glucosidase (BG, EG 3.2.1.21) 
β-1,4-glucosidase mainly acts on the nonreducing end of small cellulose dextrin, 
producing glucose by hydrolyzing cellobiose and glucose residues [17]. Generally 
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known as cellobiase, β-1,4-glucosidase has a low substrate specificity and could be 
produced in quantity by lots of noncellulolytic organisms [44]. As the size of the 
substrate declines, the hydrolyzing efficiency of β-1,4-glucosidase becomes higher, 
which means β-1,4-glucosidase has the highest efficiency with cellobiose. The enzyme 
protein of β-1,4-glucosidase accounts for only 1% in the whole enzyme preparation of 
cellulase [82]. As the techniques of genetic engineering have improved, it has been 
discovered that β-1,4-glucosidase has the same effect as transglycosylase with the 
process of hydrolysis. β-1,4-glucosidase is not a cellulase if speaking properly. But with 
the accumulation of cellobiose causing feedback inhibition, it could be obviously 
reduced by β-1,4-glucosidase [17. 45]. 
 
2.2.1.1.4 Other components 
Furthermore, there are other enzymes affecting the process mainly including cellobiose 
dehydrogenase (CDH), cellobiose quinone oxidoreductase (CBQ), phosphorylase and 
cellulosome [17].  
 
Cellobiose dehydrogenase 
Cellobiose dehydrogenase, also called cellobiose oxidase (CBO) (EC 1.1.99.18), is 
mainly produced to hydrolyze natural lignocellulose by filamentous fungi. It can 
oxidize soluble cellodextrins like cellobiose and cellooligosaccharide to the 
corresponding lactone with the prosthetic group including heme and flavin adenine 
dinucleotide (FAD). The mechanism applying it, called ping-pong, has a varied 
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spectrum of electron acceptors, including Fe3+, Cu2+, quinones, phenoxy radicals and 
triiodide ion. Under 50°C, cellob iose dehydrogenase is stable in pH 3-8, and it has 
widespread substrates such as cellotriose, fiber tetrasaccharide, cellooligosaccharide 
with five polymerization degree, lactose and cellulose [17]. Compared with an intact 
enzyme, the oxygen reduction speed is more slowed by cellobiose dehydrogenase, 
which is also considered as multidehydrogenase. It reduces Fe3+ and O2 to form Fe
2+ 
and H2O2, suggesting that the functions of cellobiose dehydrogenase are oxidation and 
degradation in the process of cellulose degradation [46, 47]. 
 
Cellobiose quinone axidoreducfade 
Cellobiose quinone axidoreducfade is a flavoprotein consisting only of flavin adenine 
dinucleotide and its physicochemical properties are much the same as cellobiose 
dehydrogenase. On the other hand, it has no oxidizing ability according to the research 
thus far [17]. Meanwhile, it cannot reduce cytochrome C. Both cellobiose quinone 
axidoreducfade and cellobiose dehydrogenase were first separated from Phanerochaete 
chrysosporium and found in Sporotrichum thermophile, Aspergillus niger, Sclerotium 
rolfsii, Fomes annosus and Moniliaceae spp [48, 49] 
 
Phosphorylase 
People have found cellobiose or phosphorylase of fiber dextrin in some organisms. 
Such organisms can produce cellobiose or cellulose phosphorylated that could be 






Cellulosome is defined as a kind of complexus with certain modes that can 
synergistically catalyze cellulose hydrolysis with different kinds of cellulase according 
to the research of Clostridium thermocellum [51]. 
 
Currently, it has been discovered that the glucose ring and the aromatic ring formed an 
accumulation force between each other which could adsorb cellulose-binding domains 
on cellulose. The surface of single glucose chains could be broken down because of the 
hydrogen bonds formed between adjacent glucose chains and residues formed by the 
rest of the hydrogen bonds in the cellulose-binding domain, which could improve the 
hydrolysis efficiency of the catalytic zone [2, 52]. 
 
2.2.1.2 Cellulase-inducing synthesis 
Compared with the glucose culture, the culture with cellulose could highly improve the 
cellulase production of many filamentous fungi, showing that enzyme synthesis can be 
greatly affected by the culture medium. Therefore, it is believed that the hydrolysis 
products of cellulose could induce the synthesis process of cellulase including 
cellobiose, cellobiose sugar lactone, lactone, methyl-β-glucosidase, sophorose, sorbitol, 
and gentiobiosyl. They have significant effects on microorganisms that play an 
important role in cellulose degradation. The inducing effect of β-galactosidase synthesis 
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by lactose is regular in Escherichia coli, while in some fungi, the synergy effect with 
the substrate is not so regular [48, 49, 50]. 
 
Mostly, it is speculated that oligosaccharides and the ramifications produced from the 
substrate actually induce the process of cellulase synthesis [17]. β-glucosidase can 
catalyze the transglycosylation of cellobiose to synthesize sophorose which is 
considered as a soluble inducer for cellulase expressed by Trichoderma reesei [51]. 
Nonetheless, sophorose could be the inducer of the cellulase synthesis only for 
particular fungi, such as Aspergillus terreus, Trichoderma reesei, and Penicillium 
purourogenum. Meanwhile, it has no effect on other cellulose-degradation fungi 
including Penicillium janthinellum, Aspergillus nidulans, Penicillium chrysosporium, 
Aspergillus niger, and so on [52]. 
 
Cellobiose has a twofold nature effect: while for most fungi it could induce the 
expression of cellulase, according to most studies; with different concentration of 
cellobiose, the inducing effect of cellulase differ. In low concentrations of cellobiose, it 
has an inducing effect. But in a concentration higher than a certain value, it becomes an 
inhibiting effect [53]. β-glucosidase could hydrolyze the cellulose to produce glucose 
which may inhibit the expression of cellulase, or it can also catalyze transglycosylation 
producing sophorose, the inducer of the synthesis of cellulase. It mainly depends on the 
concentration of cellobiose from enzymatic hydrolysis and transglycosylation. 
However, in cellulose hydrolysis occurring in nature, the inhibition by cellobiose or 
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glucose could not be so obvious, as the concentrations cannot be accumulated high 
enough [54]. 
 
In Trichoderma reesei, lactose is the main carbon resource, for it is soluble, cheap, and 
easy to obtain, and it can be hydrolyzed to glucose and galactose by β-glucosidase. 
Different from sophorose, the effect of lactose is partially through a metabolic pathway 
according to the research [55]. 
 
2.2.1.3 Enzymatic hydrolysis mechanism of cellulase 
2.2.1.3.1 Enzyme catalytic mechanism 
Because cellulose is water-insoluble and cellulase is water-soluble, the reaction 
catalyzed by cellulase is a heterogeneous reaction. There are three steps in the process 
of cellulose hydrolysis in nature. The first step involves access to cellulase. Cellulase 
has the ability to adsorb cellulose and diffuse on its surface, which could help self-
assembling composites, including CBH-CMCase and β-Gase. The composite has a 
synergistic effect on the degradation of the crystalline region of cellulose, and it could 
also hydrolyze the amorphous region of cellulose randomly. The reaction speed is 
affected by both the structural features of cellulose and the reaction mode of cellulase. 
The crystalline region can prevent the hydrolysis process from cellulase, and with little 
binding sites for the enzyme, the reaction speed is rather slow. The enzymatic 
hydrolysis level of lignocellulose mainly depends on the degree of the enzyme available 
for the binding sites, which would control the difficulty of enzyme adsorbing for the 
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substrate [56, 57]. 
 
The present hypothesis of the enzymatic hydrolysis mechanism accepted by most 
people is shown in Fig.2.2.1. Endo-β-1,4-glucanase (EG) can cut the chains of cellulose 
molecules randomly by hydrolyzing on the amorphous region which led to more end 
groups of cellulose molecules in the crystallization region and finally improve the 
process of enzymatic hydrolysis by cellobiohydrolase (CBH). After that, 
cellobiohydrolase and Endo-β-1,4-glucanase have a synergy effect on cellulose 





Figure 2.2.1 Synergetic degradation model (with permission: adapted from Chen 2014) [2]. 
 
There is a synergistic effect of different exoglucanse which is considered as another 
theory shown in Fig.2.2.2. ExogluconaseⅠ(also called CBHⅠ) could cut the reducing 
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end of cellulose chains, while exocluconaseⅡ (also called CBHⅡ ) could cut the 
nonreducing end of cellulose chains. This effect will only happen in the process of 
natural cellulose hydrolysis other than carboxymethyl cellulose (known as CMC) and 
hydroxyethyl cellulose (known as HEC). The hydrolysis reaction that occurs in CBH
Ⅰand CBHⅡ is heterogeneous; however, the enzymatic hydrolysis that occurs in 
cellobiose catalyzed by β-glucosidase is homogeneous. Enzymatic hydrolysis catalyzed 
by endogluconase has high enzyme activity for carboxymethyl cellulose, but it has low 
enzyme activity for microcrystalline cellulose. Conversely, the efficiency of enzymatic 
hydrolysis by exoglucanase is high for microcrystalline cellulose but low for 




Figure 2.2.2 Possible ways of enzymatic hydrolysis of cellulose (with permission: adapted from 
Chen 2014) [2]. 
 
Because of the improvement of biotechnology, people can describe the molecular level 
of the mechanisms of enzymatic hydrolysis for cellulose. In the molecular level, 
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cellulase generally consists of a catalytic domain (known as CD), a cellulose-binding 
domain (known as CBD), and a linker that can connect the catalytic domain and 
cellulose-binding domain. Both the accumulating glucose ring and aromatic ring on 
aromatic amino acids will form forces that can adsorb the cellulose-binding domain of 
cellulase molecules to the cellulose. There is a hydrogen bond formed by the adjacent 
glucose and the residues formed by the remainder hydrogen bonds of the cellulose-
binding domain, which can improve the efficiency of enzymatic hydrolysis in the 
catalytic region by cutting down single glucose chains from the surface of crystalline 
cellulose. No matter the fungi or bacterial, glutamic acid of the catalytic domain will 
be at the active sites of cellulase, including exoglucanase, endoglucanase, and 
glucosidase. The process of configuration retaining and converting results in a reaction 
occurs at the anomeric carbon atom, which provides the mechanism of double-
replacement enzymatic hydrolysis. And two conserved carboxyl amino acids are 
considered as both a nucleophile and a proton donor. However, at present, people cannot 
explain how the cellulose-binding domain can be adsorbed on the fiber surface and then 
degrade cellulose by synergistic effect with the catalytic domain [ 2, 17, 59]. 
 
2.2.1.3.2 Cellulose enzymatic hydrolysis 
Presently, natural lignocellulose is considered one of the most abundant and affordable 
resources on Earth. It has received extensive attention because of the growth of the 
population, the development of the economy and the increasing consumption of energy. 
However, the technology of natural lignocellulose application has developed slowly for 
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its stable chemical properties and mechanical properties due to its complex structure. 
Normally, lignocellulose is poorly soluble in the solvent and can be applied to other 
areas widely only as monosaccharides obtained by hydrolysis [17, 60]. 
 
There are many benefits of enzymatic hydrolysis and saccharification of cellulose 
including gentle reaction, low-cost equipment, low pollution, and so on. But meanwhile, 
it has many disadvantages, such as the high cost of the enzyme and the low reaction 
rate because of the complex structure [61].  
 
2.2.1.3.3 Factors affecting cellulose enzymatic hydrolysis 
Enzymatic hydrolysis by cellulase is affected by many factors, mainly substrates, 
enzyme activity, and reaction conditions like temperature, pH and so on. Currently, 
there are many studies that focus on the optimization of reaction conditions and enzyme 
activity improvement for higher efficiency of hydrolysis and yield [62, 63]. 
 
2.2.1.3.4 The effect of cellulose structure on enzymatic hydrolysis 
The efficiency of enzymatic hydrolysis is highly affected by the structure of natural 
lignocellulose, including crystallinity degree, polymerization degree, lignin contents, 
specific surface area and so on. To improve the efficiency and yield of enzymatic 
hydrolysis, people add a process called pretreatment to transform the structure of 
natural lignocellulose before the enzymatic hydrolysis. The methods include 
crystallinity degree decreasing, specific surface area increasing, polymerization degree 
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decreasing lignin removing, and so on [17, 64].  
 
2.2.1.3.5 Effect of operating conditions on enzymolysis 
Temperature and pH are the main factors of enzyme activity including cellulase. The 
reaction catalyzed by enzyme under optimum temperature and pH will have maximum 
speed. For most cellulase, the range of temperature for enzymatic hydrolysis is 40°C -
60°C, while the range of pH is pH 4.5-5.5. So, with different cellulase or reaction 
conditions, it is important to choose the optimum temperature and pH, which can 
significantly improve the enzymolysis of cellulose [65]. 
 
2.2.1.3.6 Simultaneous saccharification and fermentation 
In the fermentation process, both the reaction of enzymatic hydrolysis and 
saccharification happen continuously in the same apparatus. Glucose produced by 
enzymatic hydrolysis can be used for bacterial fermentation which would decrease the 
feedback inhibition to hydrolysis and improve the efficiency of production [66]. 
However, the reaction conditions are totally different. For the process of 
saccharification, the optimum temperature is around 50°C, but for most 
microorganisms used for fermentation, the arrange of optimum temperature is 30-38°C 





2.2.2.1 Hemicellulose compositions and structural characteristics 
Hemicellulose is a branched polysaccharide heteropolymer of plant cell walls. It is 
combined to cellulose by hydrogen bonds and combined to lignin by covalent bonds, 
which can be liberated by hot water extraction or alkaline extraction. The structure of 
hemicellulose is complex, composed of pentose and hexose sugar units, which consist 
of D-xylose, D-mannose, L-mannose, D-galactose, L-arabinose, D-galactose, 4-O-
methyl-D-glucuronic acid, D-semigalacturonic, and so on. The compositions of 
hemicellulose are different between various species and cell types [69, 70, 71]. 
 
Hemicellulase degradation mechanism 
Hemicellulase is the general term for enzymes that can catalysis hemicellulose 
degradation by breaking down the hemicellulose. The major component of 
hemicellulase is xylanase [72]. 
 
Hemicellulase works on the hemicellulose polymer backbone and is similar to 
endoglucanases. Because of the side chain, “accessory enzymes” are included for side-
chain activities. An example of hemicellulase activity on arabinoxylan and the places 
where bonds are broken by enzymes are shown (blue) in Figure 2.2.3. Figure 2.2.4 
shows another example of how hemicellulase breaks down hemicellulose, a complex 
mixture of enzymes in order to degrade hemicellulose. The example depicted is cross-






Figure 2.2.3 Example of hemicellulase activity on arabinoxylan, showing bonds that are 
broken (with permission: adapted from Hövel et al. 2003) [76]. 
 
 
Figure 2.2.4 Complex mixture of enzymes for degrading hemicelluloses. Instead of using 
chemical structures, this example uses abbreviations for different parts of the glucurono 
arabinoxylan so the connections can be observed more easily. The backbone is shown in blue, 





2.3 Microbulbifer hydrolyticus 
Microbulbifer hydrolyticus sp. nov., according to the study by Gonzalez et al. as strain 
IRE-31 (in the American Type Culture Collection as ATCC 700072), is isolated from a 
marine community on a high-molecular-weight fraction from Federal Paper Board 
Company Inc., Augusta, Ga [78]. Strain IRE-31 is gram-negative, rod-shaped, and 
strictly aerobic with oxidase and catalase-positive. Generally, the cells are dissociative 
with 1.1 to 1.7 µm long and 0.3 to 0.5 µm in diameter under light microscopic, and the 
surface is full of blebs (B) and vesicles (V) without a cytoplasmic membrane (C), which 
consist of one or two concentric layers (Fig. 2.3.1e and b). The blebs and vesicles could 
increase the surface for nutrients and the vesicles with unknown functions, and could 
accommodate hydrolytic enzymes. There might be fine fibrils (P) covering the surface 
of the cell wall (Fig.2.3.1c and f). Under electron microscopy, cells were not been 






Figure 2.3.1 Electron micrographs of negatively stained strain IRE-31T (a to d) and ultrathin 
sections of strain IRE-31T (e to g) (with permission: adapted from González et al. 1997) [78]. 
 
 
2.3.1 Hydrolytic enzymes by Microbulbifer hydrolyticus 
Microbulbifer hydrolyticus has the ability to hydrolyze cellulose and hemicellulose 
from natural lignocellulose. At present, there are 5 enzymes discovered from 
Microbulbifer hydrolyticus related to lignocellulose hydrolysis including 1,4-β-D-
glucan glucohydrolase (EC 3.2.1.74), Endo-β-1,4-xylanase (EC 3.2.1.8), and three 
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endo-chitanases (chiA, chiB, chiC) that belong to glycoside hydrolase family [79]. 
 
2.3.2 Nutrients and conditions of Microbulbifer hydrolyticus 
According to the study by Gonzalez et al., strain IRE-31 required a sea salt-based 
medium for growth, especially growing well in marine broth 2216; and the resources it 
utilized include glucose, N-acetyl-D-glucosamine, cellobiose, xylose, pyruvate, acetate, 
propionate, butyrate, succinate, malate, DL-β-hydroxybutyrate, L-alanine, L-arginine, 
L-glutamate, L-glutamine, L-histidine, L-leucine, L-proline, L-serine, L-threonine, 
ferulate, and vanillate. Strain IRE-31 grew in a temperature range between 10°C to 
41°C with an optimum 37°C and a pH range between 6.5 to 8.5 with optimum 7.5 [79]. 
 
2.4 Hot water wood pretreatment 
Wood chips and plant biomasses mainly consist of cellulose, hemicellulose, and lignin 
integrated with each other tightly, which makes the utilizing process extremely difficult. 
Generally, it has five steps, including pretreatment, hydrolysis, separation and 
purification, fermentation, and application [80]. 
 
Pretreatment will break the barrier of lignin and crystalline structure of cellulose, which 
can expose plant cell wall polysaccharides and increase the surface area for enzymatic 
hydrolysis. Methods of pretreatment include thermochemical treatment, chemical 
treatment, and biological treatment by liquid hot water, acids, alkalis, organic solvents 
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and so on [81, 82]. (Table 2.4.1)  
 
Table 2.4.1 Pretreatments for enzymatic saccharification of lignocellulose biomass (with 
permission: adapted from Watanabe 2013) [83]. 
Physical 
treatment 
Milling Ball mill, roll mill, hammer mill, rod mill, grinder, refiner, 








Hydrothemolysis, Compressed hot water, Steam treatment, 
Supercritical water, Subcritical water 
Steam explosion, Ammmonia fiber explosion (expansion) 
(AFEX) 









Conc. H2SO4. dil. H2SO4, HCl, H3PO4 Lewis acid, Organic 
acids 
NaOH, Ammonia, Na2SO3, Ca(OH)2 
Ozone, H2O2, Peracetic acid, Organic peroxiside 
Organosolvolysis (EtOH, HCOOH, AcOH, Alcohols with high 





White rot fungi 
Brown rot fungi 
 
Presently, hot water extraction is one of the most common way because of the simple 
facility it offers and its reduced pollution. It can remove most of the hemicellulose while 
leaving cellulose and lignin, and the main factors of efficiency and yield include 
temperature, reaction time, and liquor to solid ratio. According to the study by Mittal et 
al., the optimum conditions of xylan solubilization was at 175°C for 2 hours and for 
sugar maples at 160°C for 2 hours, which can remove 23% of the woody biomass [84, 
85]. There are also by-products, such as furfural, formic acid, acetic acid and so on, 
which would influence the next step of fermentation badly. Therefore, separation and 

























3.1 Preparation of Paulownia elongata wood extract 
The original wood chips came from four-year-old Paulownia elongatas supplied by the 
Fort Valley State University in Georgia. The woodchips with a size of 2.5cm * 2.0cm * 
0.5cm were screened from wood logs by a vibratory screen. To obtain hemicellulose 
oligomers as feedstock, hot water extraction was used in a 1.84 m3 digester which has 
an external steam heating system at 160°C for 2 hours and a water-to-solid ratio of 
7.69:1. Then the hot water wood extract was purified by ultrafiltration and concentrated 
by nanofiltration and stocked at 8°C [87]. Table 3.1 showed the concentration of 
monosaccharide in Paulownia elongata. 
 
Table 3.1 The initial concentration of monosaccharides present in fresh Paulownia elongata 
wood extract, determined by quantitative 2D-HSQC NMR analysis (with permission: adapted 
from Arens 2016 ) [87]. 











3.2 Bacterial and Seed Culture Preparation 
The strain Microbulbifer hydrolyticus IRE-31 (ATCC 700072) was acquired from 
American Type Culture Collection (ATCC). The strain is stocked in the freezer at -80°C 
after freeze-dried. The medium of seed culture was marine broth 2216 from Difco 
Laboratories, which include: peptone 5.0 g/L, yeast extract 1.0 g/L, ferric Citrate 0.1 
g/L, sodium chloride 19.45 g/L, magnesium chloride 5.9 g/L, magnesium sulfate 3.24 
g/L, calcium chloride 1.8 g/L, potassium chloride 0.55 g/L, sodium bicarbonate 0.16 
g/L, potassium bromide 0.08 g/L, strontium chloride 34.0 mg/L, boric acid 22.0 mg/L, 
sodium silicate 4.0 mg/L, sodium fluoride 2.4 mg/L, ammonium nitrate 1.6 mg/L, and 
disodium phosphate 8.0 mg/L. For the marine agar 2216, 15.0 g/L agar was added and 
both the broth and agar were autoclaved at 121°C for 15 minutes before use. The 
bacteria grew in 150 ml Erlenmeyer flasks with 100 ml liquid marine broth 2216 in the 
dark at 31.5°C with 180 RPM for 12 hours in an incubation shaker (Innova 40, New 
Scientific), and then concentrated and transferred to another flask by centrifuge at 4,000 
RPM for five minutes. This step was repeated three times to activate the strain 
completely from being freeze-dried. The final seed culture was centrifuged and 
prepared for fermentation. 
 
3.3 Batch and Fed-Batch Fermentation 
Paulownia elongata hot wood extract was utilized as a carbon resource feedstock which 
can also induce the expression of cellulase and hemicellulase by Microbulbifer 
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hydrolyticus. It was filter-sterilized by a 0.22 µm sterile filter from Nalgene.  
 
According to a study by Gonzalez in 1997, Microbulbifer hydrolyticus had the best 
growth rate in marine broth 2216[78]. To examine the effect of temperature on cell 
growth, 500 ml MiniBio Reactors from Applikon Biotechnology with different 
temperatures were performed for 30 hours at 250 RPM and a set pH of 7.5. The 
temperatures of the bioreactors were set at 32°C, 36°C, 37.5°C and 40°C while an 
optional density (OD) scanner was applied to test the cell concentration of 
Microbulbifer hydrolyticus in fermenters. The absorbance was measured at 600 nm. 
 
Three 500 ml MiniBio Reactors from Applikon Biotechnology were used to optimize 
the process of cellulase and hemicellulase production. All the bioreactors were set up 
following the procedures from the manual and autoclaved with broth at 121°C for 20 
minutes. The agitation rate was 250 RPM and dissolved oxygen was set at 20%. Both 
temperature and pH were varied, though the optimum is at 37°C, with a pH of 7.5. 
 
3.4 pH Control 
The prior pH of the bioreactor was set as 7.5 and adjusted by 5 mol/L sodium hydroxide 
(NaOH), while the hot water wood extract with low pH value was also adjusted by 5 




3.5 Cell Biomass Concentration 
The cell concentration was determined by the Model BEH 100 optional density (OD) 
scanner from BugLab. A calibration curve between the cell concentration (g/L) and the 
OD reading at 600 nm. 
 
3.6 Enzyme Activity Assay 
Culture samples were continuously taken from the bioreactors and centrifuged at 
13,000 RPM for 5 minutes which obtained a cell-free supernatant containing enzymes. 
The enzyme activity was tested using filter paper from Whatman No 1 of Thermofisher 
Scientific as cellulose substrate and xylan as hemicellulose substrate in citrate buffer 
solution. To measure the produced sugar in the enzyme activity assay, the 
dinitrosalicylic acid (DNS) method was applied after catalysis in 50 mM citrate buffer 
at 40°C and 50°C for an hour and the absorbance were measured at 540 nm (UV-2250 
visible spectrophotometer from Shimadzu, Japan). 
 
3.7 Protein Assay 
The protein in cell-free supernatant consisted of cellulase and hemicellulase and other 
enzymes was measured by the Bradford method (Coomassie brilliant blue regent) and 
the absorbance was measured at 595 nm (UV-2250 visible spectrophotometer from 
Shimadzu, Japan). The standard curve between absorbance and protein concentration 
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was measured with a solution of albumin 
 
3.8 Chemicals 
All chemicals and reagents used in this study were of analytical grade. The Paulownia 
elongata hot water wood extract was produced by the Bioprocess Engineering research 





































4.1 Effect of Temperature on Cell Growth with Marine Broth 
Cell concentration was performed to see the cell growth curve which reached the 
stationary phase after 10 hours. There’s no lag phase because cells has been adapted to 
the broth in flasks. The cell growth at 37.5°C had the highest specific growth rate of 
0.174392 h-1 (Table 4.1) and the highest cell concentration when reached to the 
stationary phase (Figure 4.1) (lacked of comparable data for cell growth in marine broth 
2216, but the maximum cell concentration is higher that cell growth in BM containing 
yeast extract with NaCl [78]). 
 
 
Fig.4.1 Cell growth curve of Microbulbifer hydrolyticus in marine broth 2216 with temperature 
32°C, 36°C, 37.5°C, 40°C. pH set as 7.5 at 250 RPM with batch cultivation. 
 
During the exponential growth phase, also known as the maximum growth phase, the 


































where X and X0 are cell concentrations at time t and initial time t=0. 
Doubling time td, the time required to double the microbial mass, can be calculated by 




      (2) 
 
 
Table 4.1 Doubling time and specific growth rate of Microbulbifer hydrolyticus in pure marine 
broth 2216 with different temperature. pH set as 7.5 at 250 RPM. 
Temperature Doubling time Specific growth rate µ 
 (h) (h-1) 
32°C 5.264 0.132 
36°C 4.329 0.160 
37.5°C 3.975 0.174 
40°C 4.972 0.160 
 
 
4.2 Effect on Enzyme Synthesis by Paulownia elongata Hot-Water Wood Extract 
as the Feedstock 
4.2.1 Inhibition of Hot-water Wood Extract 
There is abundant hemicellulose oligomers in hot-water wood extract which can be 
considered as an inducer for cellulase and hemicellulase production by Microbulbifer 
hydrolyticus. The Paulownia elongata hot-water wood extract produced by our group 
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was used as a substrate for hemicellulase production. The wood extract was added at 
the beginning of the fermentation in a 500 mL bioreactor with a flow rate of 15 mL/h 
at different temperatures, while cells died quickly because of the low pH before the 
procedure of pH adjusted started.  
 
Adjusting the pH value of the wood extract to 7.5 prevented cells from death but both 
the specific growth rate and the cell concentration in stationary phase was not good at 
37.5°C compared to cells in pure marine broth 2216. (Figure 4.2). Total wood extract 
added was 50 mL with a flow rate of 15 mL/h started at time t=0 in the bioreactor. 
 
Table 4.2 Doubling time and specific growth rate of Microbulbifer hydrolyticus at 37.5°C with 
a set pH of 7.5 at 250 RPM, and 50 mL hot water wood extract as a feedstock with a flow rate 
of 15 mL/h started at t=0. 
Temperature Doubling time Specific growth rate µ 
 (h) (h-1) 






Figure 4.2 Cell growth curve of Microbulbifer hydrolyticus at 37.5°C with a set pH of 7.5 at 250 
RPM. Paulownia elongata hot-water wood extract was fed at beginning (t = 0h) after the 
inoculation at a speed of 15 ml/h (50 mL wood extract fed total). 
 
Compared to pure marine broth 2216, both doubling time and lag phase were longer 
and the specific growth rate was reduced a lot at the same reaction conditions, which 
showed an inhibition by the high concentration of hot-water wood extract.  
 
4.2.2 Inhibition Reduction of Hot-water Wood Extract 
Aiming to reduce the inhibition of hot-water wood extract on cell growth, started 
feeding hot-water wood extract in the maximum growth phase was considered as one 
of the solutions to prevent cell growth from inhibition. Microbulbifer hydrolyticus had 
a high specific growth rate between t = 3h to t = 6h (Figure 4.1) in marine broth and 
reached to stationary phase after t = 10h. Because of this, t = 5h and t = 10h was 




























4.2.3 Protein Standard Curve 
The Bradford method (Coomassie brilliant blue regent) was applied to analyze the 
protein concentration consisting of cellulase and hemicellulase and other protein. The 
correlated standard curve between absorbance at 595 nm and protein concentration was 
present in Figure 4.3. The protein concentration was 0 g/L, 0.1 g/L, 0.2 g/L, 0.4 g/L, 
0.6 g/L, 0.8 g/L and 1 g/L, while the absorbance had a range from 0 to 0.8. 
 
  
Figure 4.3 Standard curve between absorbance at 595 nm and protein concentration. 
 
4.2.4 Effect of Temperature on Enzyme Synthesis 
Temperature has a huge effect both on cell growth process and enzymatic hydrolysis. 































Figure 4.4 Cell concentrations in different temperature with a set pH of 7.5 at 250 RPM. The 
Paulownia elongata hot-water wood extract was fed 5 hours (t = 5h) after the inoculation at a 
speed of 15 ml/h (50 mL wood extract fed total). 
 
  
Figure 4.5 Protein concentration in different temperature with a set pH of 7.5 at 250 RPM. 
The Paulownia elongata hot-water wood extract was fed 5 hours (t = 5h) after the inoculation 






















































Paulownia elongata hot-water wood extract was fed 5 hours (t = 5h) after the 
inoculation at a speed of 15 ml/h (50 mL wood extract fed total). This process was 
performed to determine the effect of temperature on cellulase and hemicellulase 
production. There weren’t much sugar in the hot-water wood extract which can be 
directly used for cell growth. In the meantime, the abundance of cellulose and 
hemicellulose oligomers induced the synthesis of cellulase and hemicellulase, which 
provided catalysts for simple sugar production.  
 
Once the hot water wood extract was added, cells were induced by cellulose and 
hemicellulose oligomers in the extract to synthesize enzymes, which might be the 
reason of cell growth rate decrease (the first deceleration phase of cell growth from t = 
6h to t = 10h) (Figure 4.4 and Figure 4.5) ( another possibility is the low concentration 
of sugar). The synthesis of enzymes was inhibited, which might be because the 
concentration of sugar from enzymatic hydrolysis reached a certain level (the first 
deceleration phase of protein production from t = 8h to t = 10h) (Figure 4.5), and the 
sugar was promoting cell growth again later (from t = 10h to t = 15h) (Figure 4.4). At t 
= 18h, the cell growth rate was reduced. The possible reason was the low concentration 
of sugar which again led to improved enzyme synthesis (deceleration phase of cell 
growth from t = 15h to t = 21h) (Figure 4.5), and due to the increase of enzyme 
concentration, cells grew again. Eventually, both the cell concentration and protein 





Table 4.3 YFP/X, Xmax, Pmax in different temperature with a set pH of 7.5 at 250 RPM. The 
Paulownia elongata hot-water wood extract was fed 5 hours (t = 5h) after the inoculation at a 
speed of 15 ml/h (50 mL wood extract fed total). 
Temperature YFP/X Xmax Pmax 
 - (g/L) (g/L) 
32°C 0.109 1.66 0.181 
36°C 0.110 1.67 0.184 
40°C 0.105 1.98 0.208 







  (3) 
 
For bioreactors with a set pH of 7.5 at 250 RPM, the Paulownia elongata hot-water 
wood extract was fed 5 hours (t = 5h) after the inoculation at a speed of 15 ml/h (50 mL 
wood extract fed total). The higher cell concentration occurred at 40°C (Figure 4.4). It 
was possible that cellulase and hemicellulase had a higher enzymatic activity at 32°C 
and 36°C, which led to more sugar produced for cell growth. The protein concentration 
at 32°C was a little bit higher, from t = 7h to t = 18h (Figure 4.5). Considered the cell 
concentration and effect of temperature on enzymatic hydrolysis, the lack of sugar from 
enzymatic hydrolysis with low enzyme activity might induce a cell to produce more 
enzyme.  
 
Although the bioreactor at 40°C had the highest cell concentration and protein 
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concentration, the yield factor was lower than those at 32°C and 36°C, while cells at 
32°C and 36°C had more efficient enzyme production (Table 4.3). 
 
To reduce the inhibition, adding the hot-water wood extract after the cell growth 
reached to stationary phasewas also regarded as a solution. It might avoid inhibiting 
cell growth and provide more sugar as a substrate for further cell growth after stationary 
phase (t = 10h). 
 
Cell growth at different temperatures had also been applied to determine the effect of 
temperature on cellulase and hemicellulase production. All the bioreactors were set with 
a pH value of 7.5 at 250 RPM. The Paulownia elongata hot-water wood extract was 
fed 10 hours (t = 10h) after the inoculation at a speed of 15 ml/h (50 mL wood extract 
fed total). Added the hot water wood extract as a substrate provided sugar for cell 
growth again after reaching to stationary phase. The cellulose and hemicellulose 
oligomers included also induced the synthesis of enzymes. Figure 4.6 showed a similar 
cell growth tendency for feeding the extract at t = 10h with the hot-water wood extract 
added at t = 5h.  
 
Once the hot water wood extract was added, cells began to grow again using sugar in 
the feedstock. Bacteria were induced to synthesis enzyme by cellulose and 
hemicellulose oligomers later, which might be the reason for the cell growth rate 
decrease (the second deceleration phase of cell growth from t = 11h to t = 14h) (Figure 
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4.6 and Figure 4.7). The synthesis of enzymes was inhibited probably because the 
concentration of sugar from enzymatic hydrolysis reached a certain level (the first 
deceleration phase of protein production from t = 14h to t = 20h) (Figure 4.7), which 




Table 4.4 YFP/X, Xmax, Pmax in different temperatures with a set pH of 7.5 at 250 RPM. The 
Paulownia elongata hot-water wood extract was fed 10 hours (t = 10h) after the inoculation at 
a speed of 15 ml/h (50 mL wood extract fed total). 
Temperature YFP/X Xmax Pmax 
 - (g/L) (g/L) 
32°C 0.103 1.96 0.202 
36°C 0.103 2.01 0.208 






   
Figure 4.6 Cell concentrations at different temperatures with a set pH of 7.5 at 250 RPM. The 
Paulownia elongata hot-water wood extract was fed 10 hours (t = 10h) after the inoculation at 




Figure 4.7 Protein concentration at different temperatures with a set pH of 7.5 at 250 RPM. 
The Paulownia elongata hot-water wood extract was fed 10 hours (t = 10h) after the 






















































again later (from t = 14h to t = 18h) (Figure 4.6). At t = 18h, the cell growth rate was 
reduced. The main reason might be the lack of sugar which again led to the 
improvement of enzyme synthesis (deceleration phase of cell growth from t = 15h to t 
= 21h) (Figure 4.7). After the increase of enzyme concentration, cells grew again, and 
both the cell concentration and protein concentration reached to stationary phase 
eventually. 
 
When the starting time of feeding hot-water wood extract changed from t = 5h to t =t 
10h at the same conditions, the higher cell concentration also occurred at 40°C (Figure 
4.6). It was possible that cellulase and hemicellulase had higher enzyme activity than 
those at 32°C and 36°C, which led to more sugar production promoting cell growth. 
The protein concentration at 32°C was a little bit higher from t = 12h to t = 23h (Figure 
4.7). Considered the cell concentration and effect of temperature on enzymatic 
hydrolysis, the lack of sugar from enzymatic hydrolysis with low enzyme activity might 
induce cells to produce more enzyme. 
 
Microbulbifer hydrolyticus had the highest cell concentration and protein concentration 
at 40°C as compared to other temperatures. The yield factor was lower than those at 
32°C and 36°C, which showed the cells at 32°C and 36°C had more efficient enzyme 




4.2.5 Effect of Feeding Flow Rate on Enzyme Synthesis in Fed-Batch 
Feeding Flow Rate also had an effect on cell growth and protein production. The sugar 
concentration improved the cell growth rate and the concentration of cellulose and 
hemicellulose oligomers affected the synthesis of enzymes. Bioreactors were set at 
36°C with a pH value of 7.5 at 250 RPM. The Paulownia elongata hot-water wood 
extract was fed continuously 5 hours (t = 5h) after the inoculation with different flow 
rates as 2 ml/h, 5 ml/h and 10 ml/h to determine the effect on cell growth and protein 
production. 
 
For both bioreactors with feeding speeds of 2 ml/h and 5 ml/h, once the hot water wood 
extract was added, cells were induced to synthesize the enzyme by cellulose and 
hemicellulose oligomers in the extract. It might be the reason for the cell growth rate 
decrease (the first deceleration phase of cell concentration from t = 6h to t = 10h) 
(Figure 4.8 and Figure 4.9). The synthesis of enzymes was inhibited probably because 
the concentration of sugar from enzymatic hydrolysis reached to a certain level (the 
first deceleration phase of protein concentration from t = 9h to t = 15h) (Figure 4.9), 
which were promoting cell growth again later (from t = 10h to t = 15h) (Figure 4.8). At 
t = 15h, the cell growth rate was reduced. The main reason might be the lack of sugar 
which again led to the improvement of enzyme synthesis (deceleration phase of cell 
concentration from t = 15h to t = 21h) (Figure 4.9). After the increase of enzyme 
concentration, cells grew again and both the cell concentration and protein 
concentration reached to stationary phase eventually. However, for the flow rate at 10 
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ml/h the sugar concentration might be too high which provided enough carbon resource  
 
Figure 4.8 Cell concentration at 36°C with a pH value of 7.5 at 250 RPM. The Paulownia 
elongata hot-water wood extract was fed continuously 5 hours (t = 5h) after the inoculation 




Figure 4.9 Protein concentration at 36°C with a pH value of 7.5 at 250 RPM. The Paulownia 
elongata hot-water wood extract was fed continuously 5 hours (t = 5h) after the inoculation 





























for cell growth (from t = 5h to t = 9h) (Figure 4.8) and inhibited the synthesis of 
enzymes compared to others (from t = 5h to t = 9h) (Figure 4.9). Because of the 
abundant sugar used for cell growth, the concentration of enzyme had no obvious 
increase after t = 9h showing the possibility that the synthesis of enzyme stopped for 
no further needing of enzymatic hydrolysis (Figure 4.9). 
 
According to figure 4.8, the highest cell concentration and protein concentration 
occurred with a feeding flow rate at 5 ml/h compared to others, while the highest yield 
factor is at 2 ml/h which performed a higher efficiency of enzyme production. Cell 
growth with a feeding flow rate of 10 ml/h had the lowest yield factor which might due 
to the inhibition of sugar in the feedstock. (Table 4.5). 
 
Table 4.5 YFP/X, Xmax, Pmax at 36°C with a pH value of 7.5 at 250 RPM. The Paulownia elongata 
hot-water wood extract was fed continuously 5 hours (t = 5h) after the inoculation with 
different flow rates. 
Flow Rate YFP/X Xmax Pmax 
 - (g/L) (g/L) 
2 ml/h 0.141 2.11 0.298 
5 ml/h 0.133 2.41 0.321 






The same tendency occurred with different initial times of feeding the extract. The 
conditions of the bioreactors were at 36°C, pH 7.5, 250 RPM with a continuous 
feedstock of the Paulownia elongata hot-water wood extract (started at t = 10h). 
Different feeding flow rate as 2 ml/h, 5 ml/h and 10 ml/h were performed to determine 
the effect on cell growth and protein production. 
 
With feeding speeds of 2 ml/h and 5 ml/h, once the hot water wood extract was added, 
cells were induced to synthesize enzymes with cellulose and hemicellulose oligomers, 
which might be the reason of the cell growth rate decrease (the second deceleration 
phase of cell concentration from t = 12h to t = 15h) (Figure 4.10 and Figure 4.11). The 
synthesis of enzymes was inhibited probably because the concentration of sugar from 
enzymatic hydrolysis reached a certain level (the first deceleration phase of protein 
concentration from t = 14h to t = 20h) (Figure 4.11), which was promoting cell growth 
again later (from t = 14h to t = 18h) (Figure 4.10). At t = 18h, the cell growth rate was 
reduced. The main reason might be the lack of sugar which again led to improved 
enzyme synthesis (deceleration phase of cell concentration from t = 18h to t = 23h) 
(Figure 4.11). After the increase of enzyme concentration, cells grew again, and both 
the cell concentration and protein concentration reached to stationary phase eventually. 
Conversely for flow rate at 10 ml/h, the sugar concentration was too high, which might 
provide enough carbon resources for cell growth (from t = 10h to t = 14h) (Figure 4.10) 
and inhibited the synthesis of enzymes as compared to other feeding flow rates (from t 
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= 10h to t = 14h) (Figure 4.11). Because of the abundant sugar used for cell growth, the 
concentration of enzyme had no obvious increase after t = 14h showing the possibility 
that the synthesis of enzyme stopped, for it had no further need of enzymatic hydrolysis 
(Figure 4.11). 
 
Figure 4.10 shows that of these different rates, the highest cell concentration and protein 
concentration occurred with a feeding flow rate of 5 ml/h compared to the other rates 
(Figure 4.10), while the highest yield factor was at 2 ml/h, which performed a higher 
efficiency of enzyme producition. Cells grown with a feeding flow rate of 10 ml/h had 




Figure 4.10 Cell concentration at 36°C, pH 7.5 with a pH value of 7.5 at 250 RPM. The 
Paulownia elongata hot-water wood extract was fed continuously 10 hours (t = 10h) after the 






























Figure 4.11 Protein concentration at 36°C with a pH value of 7.5 at 250 RPM. The Paulownia 
elongata hot-water wood extract was fed continuously 10 hours (t = 10h) after the inoculation 
with different flow rates. 
 
 
Table 4.6 YFP/X, Xmax, Pmax at 36°C with a pH value of 7.5 at 250 RPM. The Paulownia elongata 
hot-water wood extract was fed continuously 10 hours (t = 10h) after the inoculation with 
different flow rates. 
Flow Rate YFP/X Xmax Pmax 
 - (g/L) (g/L) 
2 ml/h 0.141 2.33 0.328 
5 ml/h 0.134 2.69 0.361 





4.2.6 Enzyme Activity Produced by Microbulbifer hydrolyticus with Hot-Water 
Wood Extract in Different Temperatures and pH 
Both cellulase and hemicellulase were induced by the Paulownia elongata hot-water 
wood extract and the whole process was highly affected by temperature and pH. Due 
to the protein concentration change every time, relative enzyme activity compared to 
the maximum value of enzyme activity was applied to show that the tendency changed 
with temperature and pH. Samples were taken at t = 35h from a single reactor at 36°C, 
pH 7.5 250 RPM with a 5 ml/h flow rate of hot-water wood extract (starting at t = 10h) 
and obtained with cell-free supernatants. The supernatants were put in a 50 mM citrate 
buffer for an hour with different pH and temperatures containing filter paper or xylan 
as a substrate. DNS method was applied to measure the reducing sugar concentration 
with an absorbance at 540 nm. 
 
According to Figure 4.12 and Figure 4.13, both cellulase and hemicellulase had the 
highest enzyme activity at pH 6, while the enzyme activity had a huge decrease at a pH 
value lower than 4 or higher than 7. And for the temperature effects, both cellulase and 







Figure 4.12 Relative enzyme activity of hemicellulase at different temperatures and pH after 




Figure 4.12 Relative enzyme activity of cellulase at different temperatures and pH after an 
















































































Using Paulownia elongata hot-water wood extract as an inducer and a carbon resource 
is a good method for cellulase and hemicellulase synthesis by Microbulbifer 
hydrolyticus. The cell growth rate of bacteria with different temperatures showed a 
better result at 37.5°C in pure marine broth 2216 which had the highest specific growth 
rate. 
 
For enzyme synthesis in different temperature with a set pH of 7.5 at 250 RPM, and the 
Paulownia elongata hot-water wood extract fed 5 hours (t = 5h) after the inoculation at 
a speed of 15 ml/h (50 mL wood extract fed total), bioreactor at 40°C had a higher 
productivity compared to others based on the maximum cell concentration and the 
protein concentration in stationary phase. While considering the yield factor, synthesis 
at 32°C was more efficient. 
 
If the initial time of the hot water wood extract feeding was changed to t = 10h in 
stationary phase, 40°C was still the best temperature while cell at 32°C had a higher 
efficiency. Compared with t = 5h, all the maximum value of cell concentration and 
protein concentration went higher but all the yield factors were lower. 
 
While for the fed-batch reactor, Microbulbifer hydrolyticus grown at 36°C, pH 7.5, 250 
RPM with the Paulownia elongata hot-water wood extract (started 5 hours after the 
inoculation, t = 5h) had a higher productivity with a flow rate of 5 ml/h and a higher 
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efficiency with a flow rate of 2 ml/h. When the initial time of the hot water wood extract 
feeding changed to t = 10h, all the maximum values of cell concentration and protein 
concentration increased but the efficiency was approximate. Microbulbifer hydrolyticus 
with a flow rate of 5ml/h (started at t = 10h) had the highest productivity combined both 
yield factor and maximum value. 
 
Different cellulase and hemicellulase required different reaction conditions. Enzymes 
synthesized by Microbulbifer hydrolyticus including both cellulase and hemicellulase, 
and seemed to have the best pH and temperature of enzyme activity pH 6 and 40°C 
 
5.2 Future work 
According to the research we have done thus far, ample work is still needed in the future 
which is listed as follows: 
 
1. Narrow down the range of reaction conditions and find the exact optimum 
conditions for enzyme synthesis. 
2. Consider pH in bioreactors as another variable for more efficient enzyme synthesis. 
3. Measure the sugar concentration in the samples as well to help explain the rate 
change of cell growth and protein production rate. 
4. The hot-water wood extract has a high inhibition on cell growth at the lag phase or 
at low cell concentration. The component of feedstock is too complicated to find 
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out the inhibitor and the principle. There should be multiple assumptions and further 
studies focus on effects which might increase the synthesis efficiency. 
5. Similar to most of the enzyme productions by bacteria, enzyme isolation is the most 
expensive procedure during the whole process. A low-cost enzyme isolation method 
needs to be developed for enzyme application. 
6. To avoid the high cost of enzyme isolation, using the whole supernatant as an 
enzyme solution for enzymatic hydrolysis may possibly reduce cost. An area that 
can use a mixture of a carbon resource or a low-cost way for reducing sugar 
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